process may provide the means for regulation and qualcontains four hydrophobic domains of which M1, M3, ity control of the assembly process and thereby increase and M4 transverse the membrane, while M2 faces the its specificity. cytoplasm as a reentered loop that forms part of the channel pore (Hughes, 1994) 
Figure 1. Determination of Current-Voltage Relationship and Pharmacological Properties of R3/R6 Chimeras Coexpressed with Wild-Type AMPA and Kainate Receptor Subunits
The molecular composition of the Q form subunits is shown on the left (A). Black bars correspond to GluR3 sequences and white bars to made of reciprocal exchanges between the AMPA real., 1997), when GluR2 R was expressed at a 1:1 ratio with GluR3 Q , we observed large macroscopic currents ceptor subunit, GluR3, and the kainate receptor subunit, GluR6, to form functional heteromers with representawith a linear I-V relationship ( Figure 1B , upper left, plus sign), which must reflect the predominant heteromeric tive wild-type subunits of each principle parent subtype. These R3/R6 chimeras form functional homomers in formation between these two subunits. Conversely, no change in current rectification was observed when Xenopus oocytes as well as in HEK293 cultured cells and were previously used to localize the glutamate binding GluR2 R was coexpressed with GluR6 Q ( Figure 1B , upper right), as expected from the lack of interaction between domain (Stern-Bach et al., 1994) and to identify key residues affecting receptor desensitization (Stern-Bach et AMPA and kainate receptor subunits. GluR6 R homomers, unlike GluR2 R , produce measural, 1998). Since AMPA and kainate receptor subunits, despite substantial sequence homology, do not coasable whole-cell current amplitude upon treatment with concanavaline A (50% compared to GluR6 Q , data not semble even when heterologously coexpressed, the set of functional R3/R6 chimeras makes a perfect tool to shown; see Egebjerg and Heinemann, 1993)-a feature that may complicate the distinction between the activity identify protein regions responsible for this restricted assembly.
mediated by the respective R/Q heteromers and that resulting from a combined activity of two separate R Using functional criteria for heteromeric formation, we were able to distinguish responses mediated by heteroand Q homomers. To avoid this problem, we generated a mutant of GluR6 R in which the conserved arginine meric receptors from those exhibited by the homomeric counterparts and in a way that can similarly apply to (R523) in the binding pocket (Uchino et al., 1992; Armstrong et al., 1998) was replaced by lysine (K). This point both AMPA and kainate receptors. Therefore, we looked mainly at the current-voltage relationship (I-V), whose mutation reduced the apparent affinity to glutamate by more than 50-fold (data not shown); therefore, with 1 shape, in both AMPA and kainate receptors, is largely determined by a single amino acid located in M2 and mM glutamate (a saturated concentration for both GluR3 Q and GluR6 Q homomers at the conditions used), no curwhich, as a result of RNA editing, can be either a glutamine (Q) or an arginine (R) (reviewed by Seeburg, 1996) . rents could be detected for homomeric R6(R523K) R . However, when it was coexpressed with GluR6 Q , we The unedited Q forms exhibit a strong inward current rectification due to a voltage-dependent block by intra- When expressed in oocytes, both GluR3 Q (flip isoform) ( Figure 1A ). Each of these chimeras forms functional homomeric receptors with expression levels comparaand GluR6 Q homomers produce large currents upon attenuating their fast desensitization with cyclothiazide ble to those of the wild-type GluR3 Q and GluR6 Q homomers. Reciprocally they divide the subunit polypeptide and concanavaline A, respectively (1-3 A at Ϫ70 mV to 1 mM glutamate) (e.g., Partin et al., 1993; Yamada and into three regions: NTD, S1, and the C-terminal half that includes the membrane domains, the extracellular S2, Tang, 1993), and exhibit, as expected, a strong inward current rectification ( Figures 1B and 1D ). In contrast, at and the intracellular C-terminal tail. As shown in Figure  1B , no significant change in the I-V relationships was obthe same conditions, the activity of GluR2 R (flop isoform) was hardly detected (Ͻ10 nA), although its cell surface served when GluR2 R was coexpressed with R6NTDR3 Q , a chimera in which the NTD originates from GluR6 and protein expression in the oocyte is similar to that of GluR3 Q (see Figure 2C , lower panels). This apparent lack the rest of the polypeptide from GluR3 ( Figure 1B For the mirror image experiments of coexpressing the from the lack of interaction between wild-type AMPA and kainate receptor subunits. Similar results were obchimeras with the kainate receptor subunit R6(R523K) R (Figure 1D ), we obtained, in principle, similar results to tained for the coexpression of R6NTDR3 Q or R6TM1R3 Q with GluR2 R (data not shown), suggesting that these two those observed with the AMPA receptor subunits GluR2 R and GluR3 R . That is, when coexpressed, R6(R523K) R could chimeras, in which the NTD originates from GluR6, do not interact with GluR2 R , and that is why current rectifinot abolish the inward current rectification of any of the four chimeras, although its presence in each set of cation was not attenuated ( Figure 1B) . On the other hand, for the coexpression of R3NTDR6 Q oocytes was verified by Western blot analysis (data not shown). The chimera R6(R3S1), which we would predict and GluR2 R , subunits that are compatible only in the NTD, we observed a gradual decrease in I/I 0 as the amount to coassemble with GluR6, does not form functional homomers (Stern-Bach et al., 1994), and therefore was of GluR2 R increased (Figure 2A) , with almost no effect on current rectification ( Figure 2B) . Therefore, the comomitted from the assay. Figure 2C ). In fact, we observed a higher signal for the coexpressed GluR6.
Taken together, the analysis of the chimeras shown subunits compared to each of the homomeric expressions. Currently, without further analysis, the reason for in Figure 1 identified the NTD as well as the region C-terminal to S1, but not S1, as major determinants for subthis phenomenon is unclear. Nevertheless, it indicates that even though these nonfunctional complexes are type-specific assembly and demonstrated that compatibility in only one of these regions is not sufficient to delivered to the oocyte cell surface, they are treated differently from functional channels. In order to gain obtain functional heteromers. some insights into the type of interactions mediated by the NTD, we calculated the theoretical reduction in I/I 0
Functional and Biochemical Characterization of Subtype-Specific Intersubunit Interaction expected for various receptor stochiometries assuming a binomial distribution (see details in Experimental Proof Fully and Partially Compatible Subunits
The apparent lack of functional heteromerization when cedures). Interestingly, the observed reduction in I/I 0 was much lower than what would be expected if the either the NTD or the region C-terminal to S1 is the only compatible domain can result from a complete lack of compatible NTDs assemble into the correct oligomeric order being either a tetramer or a pentamer ( Figure 2A , interaction between the two subunits or from partial interactions that are not sufficient to generate functional traces 4 and 5). On the other hand, the data fit much better with a theoretical formation of dimers (trace 2). channels. Because the activity of the R form homomers cannot be detected in our experimental conditions, in At high amounts of GluR2 R , however, the deviation of the data from trace 2 may indicate limited formation of the case of no interaction, the amplitude of whole-cell current will be determined only by the amount of the Q complexes of higher order. In contrast to R3NTDR6 Q , for the chimera R3(R6S1) Q , form subunit in each configuration. In contrast, in case of insufficient interactions, we would expect a relative in which both the NTD and the C-terminal half of the subunit are compatible to GluR2 R , coexpression at simireduction in whole-cell currents as a result of recruitment of the functional Q form subunits into truly inactive lar conditions showed a gradual increase in I/I 0 with increasing amounts of GluR2 R (Figure 2A ). In parallel, complexes with the R form.
To examine this issue in detail, we coexpressed the current rectification was significantly attenuated, even when small amounts of GluR2 R were added ( Figure 2B ), Q form chimeras with the "silent" GluR2 R subunit at various ratios by injecting a fixed amount of the Q form indicating predominant formation of functional heteromers at all ratios. Because the low-single channel consubunit mixed with increasing amounts of GluR2 R and measured whole-cell current amplitudes as well as the ductance of GluR2 R is dominated by the high conductance of the Q form subunit when forming heteromers degree of current rectification. At these expression conditions, since the total amount of the cRNA injected was (Swanson et al., 1997; Washburn et al., 1997), the gradual increase in the macroscopic current is a result of kept below saturation, each set of oocytes expressed the same amount of the Q form protein ( Figure 2C) . the formation of more high-conducting heteromeric channels as the amount of GluR2 R was increased. This Therefore, the current amplitude obtained for each ratio (I) was divided by the value obtained for oocytes injected increase in activity correlates with formation of tetramers ( Figure 2A, trace 4) , a finding that is in line with with the Q form alone (I 0 ). our current assumption on the functional core stochitein-protein interactions between the chimeras and the wild-type parent subunits, we used biochemical copreometry of the receptor. The deviation of the data at high ratios may be a result of lower single-channel conduccipitation experiments (Figure 3) . To unify the experimental design the "precipitating" subunits were tagged with tance of channels having more than one copy of GluR2 R , or of the fact that assembly is not completely random. FLAG (F) and a six-histidine tail (His) for detection and purification purposes, respectively, while the "copreciFinally, in order to directly examine the observed pro- Coprecipitation experiments were done as described in Experimental Procedures. The identity of the precipitating subunit is indicated on the top, and the coprecipitating subunits are marked below. T, the total protein fraction loaded on the beads; P, the precipitated fraction. Equal amounts of T and P were separated on 8% SDS-PAGE gels, blotted and reacted with anti-HSV (␣H) or anti-FLAG (␣F) antibodies as indicated.
pitating" subunits were tagged with HSV (H). Thus, we specific heteromerization, we generated several chimewere able to detect each subunit in the pairwise mixtures ras dividing this region into four distinct subdomains using the respective anti-tag antibodies, regardless of ( Figure 4B ), we found that the N-terminal part compatible only in their NTD correlates with our electroof this region (forming the smaller lobe of the agonist physiological measurements in which, at the same exbinding domain) is also not involved in this process. The pression ratio (1:1), we observed ‫%85ف‬ inhibition of complementary chimera was nonfunctional (R6-C2C; whole-cell currents (Figure 2A) . The weak interactions data not shown). Interestingly, we found that chimeras observed for the region C-terminal to S1 when being having C1 (M1-M3) or C3 (M4) of the opposite subtype the only domain compatible (12%-15% coprecipitation)
had 5-to 10-fold lower homomeric activity compared were not detected by the electrophysiological measureto subunits having both domains of the same subtype ments, a discrepancy that may be due to the different (data not shown). Since the level and kinetics of protein expression system used in each case. synthesis as well as affinity to glutamate were not altered In summary, the results shown in Figures 2 and 3 in these chimeras (data not shown), it indicates that indicate that compatible NTDs mediate subtype-speintrasubunit compatibility between the membrane docific protein-protein interactions, but these interactions mains is required for full homomeric activity. alone are not sufficient to produce functional heterFinally, in order to further dissect the M1-M3 region omers and apparently result in partially assembled com-(C1), we generated two more mutants of R3(R6S1) Q in plexes, probably dimers. For the region C-terminal to which either M1 or M2 (including its two connecting loops) S1, in the absence of compatibility between the NTDs, was replaced by the GluR6 sequence. M3, except for we observed only weak intersubunit interactions. Howthe conserved change of valine to isoleucine, is identical ever, since it is clear that without compatibility in this between GluR3 and GluR6 and was therefore disreregion functional heteromers are not formed, it is possigarded. Of the two mutants, the M1 exchange resulted ble that we cannot detect these interactions because in a nonfunctional mutant while the M2 exchange mutant they are dependent on conditions created by the NTD was only partially active (5%, compare to R3(R6S1) Q ) interactions.
and also did not functionally assemble with GluR2 R (data not shown). Therefore, more refined site-directed mutaCharacterization of Determinants C-Terminal genesis is needed to resolve the contribution of specific to S1 Important for Functional Assembly residues.
of Homomeric and Heteromeric Channels
In summary, the dissection of the subunit's C-terminal In order to identify the molecular determinants in the region C-terminal to S1 that are responsible for subtype half disclosed the membrane regions M1-M3 and M4 (Figures 2A and 2B, right) . Furthermore, in our coprecipitation experiments (Figure 3) , at a 1:1 ratio AMPA receptor subunit GluR3 and the kainate receptor subunit GluR6 to form functional channels with each we found only partial coprecipitation of subunits that are compatible only in the NTDs as compared to fully one of the parent wild-type subunits as well as with the homologous subunits GluR2 and KA2, respectively. compatible subunits (55% versus 95%). This result indicates once more that when downstream compatibility Therefore, the results of this study are likely to apply to the assembly of the other AMPA and kainate receptor is absent, the interaction between the subunits is not optimal. subunits as well. By looking at chimeras that split the subunit into two or three broad regions, our first finding One of the most striking observations of our study is that the reduction in whole-cell current observed, when was that functional heteromers between a chimera and a wild-type subunit can be obtained only if their NTD only the NTDs are compatible is lower than what would be expected if the nonfunctional complexes formed beand the region C-terminal to S1 both originate from the same subtype (Figure 1, see summary in [A] ). This finding tween the two subunits, would consist of tetramers or pentamers (Figure 2A , middle, traces 4 and 5). The data, suggests that the heteromerization process is complex and not just determined by the NTD as previously proon the other hand, fits better with a theoretical formation of dimers (trace 2). Conversely, when both domains are posed (Leuschner and Hoch 1999) .
What is the reason for the different conclusions reached compatible and, thus, functional heteromeric channels are formed ( Figure 2B, right) , the titration of whole-cell in our study? Leuschner and Hoch (1999) Figure 2A , middle-is 5A and 5B), which can similarly apply to heteromeric assemblies within each of the subtypes. When AMPA due to weaker or less stable intersubunit interactions when the NTD is the only compatible domain. This would and kainate receptor subunits are expressed in the same cell ( Figure 5C ), noncompatibility in the NTDs primarily lead to a smaller fraction of the complexes being heterotetramers and the rest pure homotetramers. This issue prevents heterodimer association, resulting in the formation of homodimers only. The two distinct homodimay be eventually resolved by biochemical isolation and characterization of intermediate complexes. Support for mers can then assemble only with themselves, but not with each other because of the incompatible C termini. our interpretation that the NTD can assemble only as dimers is provided by two recent biochemical studies
In agreement with our experiments using chimeras (Figure 1) , due to this sequence of events, subunits having showing that truncated NTD of GluR1 or GluR4, alone or linked to S1-S2, predominantly forms homodimers in the NTD of one subtype and the C-terminal determinants of the other can form fully functional homomers ( Figures  solution (Kuusinen et al., 1999; Wells et al., 2001 ). In addition, recent crystallization of the N-terminal domain 5D and 5E), but not functional heteromers with wildtype subunits (Figures 5F and 5G) . A chimera and a wildof the metabotropic glutamate receptor 1, which is homologous to the NTD of the iGluRs (O'Hara et al., 1993) , type subunit compatible in the C termini but not in the NTDs ( Figure 5F ) can not heterodimerize, whereas each suggests that this domain exists as dimers (Kunishima et al., 2000) . one can form stable homodimers. The homodimers are then able, in principle, to interact through the compatible In contrast to the NTD interactions, in our coprecipitation assays, we observed only weak intersubunit interac-C termini; however, in the absence of secondary compatibility in the NTDs, these complexes are not stable tions mediated by the C-terminal region, when compatibility between the NTDs is absent (Figure 3) . However, and thus dissociate. Evidence for such nonstable heterotetramers is provided by the residual coprecipitation since it is clear that without compatibility in this region functional channels are not formed, this apparent weak of R6TM1R3 with GluR3 and vice versa (15%; Figures  3B and 3C for each family. We anticipate that future studies determining the role of subdomains of both the NTD and the C-terminal region will lead to further refinement of
Oocyte Preparation and Electrophysiology
Stage V-VI Xenopus laevis oocytes were prepared as previously our proposed model for iGluR assembly. Oocytes were continuously perfused with recording solution containing 10 in this study were constructed by a similar approach. For each construct, the amino acids at the appropriate junctions are indicated in mM HEPES, pH 7.4, 90 mM NaCl, 1 mM KCl, and 1.5 mM CaCl 2 (Figures 1 and 4 ) or 1.8 mM MgCl 2 (Figure 2 ; to minimize the activathe figures and numbered relative to the first methionine in the ORF. GluR6(R523K) R was constructed according to the method developed tion of the endogenous Ca 2ϩ -gated Cl Ϫ channels). To avoid interference from receptor desensitization, oocytes were usually treated by Stratagene (QuickChange; Stratagene, La Jolla, CA). The epitope tags HSV (QPELAPEDPED) and FLAG (DYKDDDDK) were inserted with concanavaline A (1 mg/ml, 5-10 min before recording; Sigma, St. Louis, MO) and cyclothiazide (0.1 mM mixed in the agonist soluin frame at the N terminus of GluR3 after R36 and at GluR6 after P49, using PCR overlap extension, thus creating H GluR6, H GluR3, tion; RBI, Natick, MA). I-V relationships were obtained by applying 1 s voltage ramps (Ϫ70 mV to ϩ40 or ϩ70 mV, as indicated) on F GluR6, and F GluR3 tagged subunits. Similarly, a six-histidine tail (His) was added to F GluR3 after the last amino acid, generating plateau responses to 1 mM glutamate. Measurements in the presence of agonist were subtracted from the average values obtained F GluR3
His . All mutations and insertions were confirmed by sequencing through the cassette insert. The tagged subunits were indistinbefore and after agonist application, and normalized to the value obtained at Ϫ70 mV. Sensitivity to AMPA (Figures 1 and 4 ) was
